I
n 1913, Lawrence Bragg described the law that characterizes the diffraction of X-ray beams by crystalline materials 1 . Since then, crystallographers have used this law to solve the atomic structures of a wealth of compounds, ranging from simple table salt to extremely complex biomacromolecules. The resolution at which a structure can be visualized depends on the diffraction limit (or the Bragg limit), which in turn depends on the regular arrangement of molecules within crystalline materials. The degree of this regularity is often low in crystals of biomacromolecules, and this creates a major barrier to visualizing these molecules at the atomic level. On page 202 of this issue, Ayyer et al. 2 report an approach to solving molecular structures at resolutions higher than the diffraction limit.
The X-ray diffraction defined by Bragg's law is the sum total of diffraction patterns from molecules that strictly occupy the positions of a crystal's lattice units. Obtaining such a strictly ordered crystal often represents a big obstacle to the study of hydrophobic, membranespanning proteins and their complexes, limiting the resolution at which the structures of these biologically important molecules can be solved. The low degree of order in protein crystals can be caused by translational and rotational displacements of the protein molecules from their ideal positions, and by dynamic motions within the molecules. Ayyer and colleagues propose that molecules in crystalline materials can be considered as rigid units, and that the dis order is caused by translational displacements of these units from their crystal-lattice positions. These displacements cause scattered X-rays to deviate from the trajectories generated by a perfectly ordered crystal lattice, giving rise to a vague pattern of light and shadowy regions, instead of a sharp diffraction pattern with distinct spots (see Figure 1 of the paper 2 ). This vague picture constitutes a kind of 'continuous' diffraction [2] [3] [4] pattern, and contains information about the structure of the molecules in the crystals at resolutions extending well beyond the limit of Bragg diffraction.
Continuous diffraction has frequently been observed in diffraction patterns of protein crystals, but had not previously been used for structural determination. Ayyer and coworkers' approach is similar to that used for single-molecule imaging 5 to obtain structural information from the continuous diffraction pattern, working on the basis that the diffraction arises from the sum of aligned singlemolecule diffraction patterns.
The authors' method requires both Bragg and continuous diffraction data, and treats these diffractions separately. First, the Bragg diffractions were analysed using conventional techniques, generating an electrondensity map of the target molecule at low resolution. The researchers used this map to generate a low-resolution outline of the 3D molecular structure. This, in turn, was used to constrain a higher-resolution 3D image of the electron density, generated from the continuous diffraction data using an 'iterative phasing' algorithm 6, 7 . The structure was finally refined using a procedure similar to that used for single-particle cryo-electron microscopy data 8 .
Ayyer et al. used this approach to extend the M. m. musculus females. The hybrids were fertile, unlike hybrids from wild-type M. m. domesticus males, and the development of their sperm was normal. This finding clearly shows that it is the zinc-finger domain of PRDM9 that is responsible for sterility in hybrid mice.
Analysis of DSB sites in the sperm-cell progenitors of infertile hybrids revealed that most DSBs occurred in asymmetric hotspots -that is, the PRDM9 protein produced from the set of chromosomes from one parent bound preferentially to sites on the homologous chromosome. This asymmetry arises because of an evolutionary quirk known as the hotspot paradox. In this paradox, if any mutation that arises in a hotspot prevents PRDM9 from binding to that site, it is preferentially transmitted to the next generation, because the mutated sequence will be used as a template to repair DSBs in the unmutated hotspot on the homologous chromosome. In this way, PRDM9 binding sites are gradually lost over time 6 . The asymmetry develops because these sites are not lost from closely related subspecies, in which PRDM9 binds a different sequence.
Because humans diverged from mice long before the two mouse subspecies diverged, the hotspots to which the humanized Prdm9 bound were mostly symmetrical; that is, the protein bound to the same sites on both sets of mouse chromosomes. The authors conclude that the fertility of the humanized mice is associated with this rescue of hotspot symmetry. In support of this assertion, the degree of asymmetric PRDM9 binding varied between chromosomes in the sterile hybrids, and this correlated with the previously reported 3 frequency with which meiotic asynapsis occurred in each chromosome pair. Thus, reduced PRDM9 binding symmetry is linked to impaired DSB repair and predisposition to asynapsis.
Davies and colleagues' results provide considerable insight into how hybrid sterility arises in this particular model. However, hybrid sterility as a mechanism to prevent gene exchange between related species is a widespread phenomenon throughout the animal and plant kingdoms 7 , and the general significance of Prdm9 or Prdm9-like genes for the process of reproductive isolation is still uncertain. The next step will be to extend the authors' work, both to analyse some of the other Prdm9 alleles that have been identified in various mouse subspecies 8, 9 and to consider other mammalian models of hybrid sterility. Only then will we be able to evaluate the fascinating possibility that Prdm9 has a recurrent role in reproductive isolation between closely related mammalian species 10 . 
This article was published online on 3 February 2016.

CRYSTALLOGRAPHY
Resolution beyond the diffraction limit
A method has been devised that extends the resolution of X-ray crystal structures beyond the diffraction limit. This might help to improve the visualization of structures of proteins that form 'poorly diffracting' crystals. See Letter p.202
It is the zincfinger domain of the PRDM9 protein that is responsible for sterility in hybrid mice.
and dynamic motions in crystals can generally be ignored remains to be seen -this will determine how useful continuous diffraction data will be for improving resolutions. Nevertheless, the authors' approach might find broad applications, from structural analysis beyond Bragg diffractions to single-molecule imaging, and help to improve the accuracy of structures derived from X-ray data.
In particular, the technique is potentially a great step forward for those seeking highresolution structural information for many 'poorly diffracting' protein crystals and their complexes.
It will be interesting to see how much further resolution can be improved by incorporating continuous diffraction data with X-ray data collected from both XFEL and synchrotron sources. Meanwhile, the reported iterativephasing approach may allow structures to be solved without the use of additional methods to retrieve phase information from diffraction data. It is also to be hoped that the reported iterative-phasing algorithms will be made user-friendly and widely available. resolution of the structure of photosystem II (PSII), an extremely large, dimeric membraneprotein complex (the molecular weight of the dimer is about 700 kilodaltons). PSII splits water into electrons, protons and oxygen during photosynthesis, thereby sustaining aerobic life on Earth by providing oxygen and converting light energy into biologically useful chemical energy. The structure of PSII has previously been solved at a resolution of 1.9 ångströms using X-rays from a conventional synchrotron source 9 , and at a resolution of 1.95 Å using femtosecond X-ray pulses (1 femtosecond is 10 -15 s) from a free-electron laser (XFEL) 10 . These structures indicated that the PSII molecules are rigid within the crystals, at least up to this level of resolution. However, some of Ayyer and colleagues' PSII crystals diffracted to only 4.5 Å resolution, limiting the authors' ability to study the complex's reaction dynamics.
To obtain better resolution, the researchers collected a data set from a stream of micro metre-scale PSII crystals using powerful femto second XFEL pulses, and thus obtained an X-ray structure of 4.5 Å based on Bragg diffractions. They then refined this to 3.5 Å resolution using their method based on continuous diffraction data. The resulting electron-density map showed more-detailed features of many amino-acid side chains ( Fig. 1) and co factors associated with the large protein complex, compared with the structure derived from Bragg diffraction data alone. This great improvement hints at the potential of this approach for extending resolution limited by Bragg diffraction.
The extent to which rotational displacements a b Figure 1 | Electron-density maps of a section of photosystem II. Ayyer et al. 2 have developed a method that improves the resolution of X-ray crystal structures by analysing information from both conventional Bragg diffraction and continuous diffraction -which occurs when molecules in crystals deviate from their exact lattice positions only through translational displacements. a, Here, the structure of an α-helix chain of photosystem II, a photosynthetic protein complex, is superimposed on the electron-density map (grey mesh) of the chain obtained by analysing only Bragg X-ray diffraction. The resolution is 4.5 Å. b, Using the authors' method, the resolution of the electron-density map is improved to 3.5 Å, and the molecular structure fits more precisely into the map.
ASTROPHYSICS
Exoplanets hidden in the gaps
Planets develop from the disk of dust and gas that surrounds a newly formed star. Observations of gaps in the disks of four such systems have allowed us to start unravelling the processes by which planets form.
PA U L H O
T he brightest objects in the night sky, besides the Moon, are the inner planets of the Solar System: because they are close to us, the light they reflect from the Sun is brighter than that of the stars. But exoplanets are as distant as stars, and are therefore much dimmer, making them difficult to detect directly even with the biggest telescopes. Moreover, their companion stars are usually a billion times brighter than they are, and blurring and broadening of the stellar image by Earth's atmosphere typically hides the nearby exoplanets. Writing in Astronomy & Astrophysics, van der Marel et al. 1 report that they have overcome these problems to acquire images of protoplanetary disks -the dust and gas surrounding a newborn star, from which planets form. Their observations show that nascent exoplanets have apparently begun to clear disk material from the inner zones of their systems.
To understand how planets form, we need to find systems in which the protoplanetary disk is detectable so that the relationship
